By MEANS of a universal tensile testing instrument, stress-strain relationships were studied on longitudinal and circumferential strips excised from various portions of the caval vein and from the cervical, axillary, iliac and femoral veins of dogs. In order to investigate the mechanical properties from the architectural point of view, the relationships were also studied on the nuchal ligament, tendon and intestinal smooth muscle bundle which are composed mainly of elastin, collagen and smooth muscle fibers, respectively. Histological examinations were also carried out with these vascular and non-vascular specimens.
concentration at constant hematocrit alters the degree of aggregation present, and hence the relative viscosity of the suspension. The presence of dextran in the suspending medium also causes an increase in the electrokinetically-measured surface potential of the erythrocytes (zeta potential). This potential is an increasing function of dextran concentration and molecular weight. Above a critical concentration of dextran for each molecular weight studied, and therefore above a critical zeta potential, the erythrocytes disaggregate. The dextran concentration necessary for disaggregation is a strong function of the ionic strength of the suspending medium. This disaggregation seems therefore to be induced by electrostatic interactions between the cells. The degree of aggregation and the transition from aggregation to disaggregation are clearly reflected in the relative viscosities of the cell suspensions measured at low rates of shear. Hence, the available evidence indicates that an electroviscous effect has been observed in this system, the characteristics of which shall be presented.
AGE-RELATED PROPERTIES OF COLLAGEN SOLUTIONS:
A THE DILUTE solution viscosity measurements were performed on collagen obtained from rat tail tendons. The age of the rats varied from 90 to 1000 days. It was found that the viscosity changed with time and could be described with a multiexponential fitting. The time constants were related to the age of the animal from which the collagen was taken. The reversion or "rewinding" experiments indicated that only collagen chains from the "young" rewound. Hybridization showed that the amount of "rewinding" was dependent upon the concentration of the "Young" collagen present.
The intrinsic viscosity of the collagen molecule dropped abruptly at an age of about 250 days. The molecular weight of the change was determined by the ultracentrifuge.
Microcalorimetry measurements were performed to determine the nature and strength of the bonding structure as a function of the age of the collagen. IT IS known that the tumbling motion of the red cells in shear flow causes considerable enhancement of the diffusion processes for oxygen, carbon dioxide, and particularly platelets. (KELLER, Fedn Proc. 30, 1591 , 1971 , LEONARD et al., Chern. Eng. Syrnp. Ser. 66, 59,1970 . Current experimental data, however, are relatively imprecise and cannot delineate the shear rate and hematocrit dependences. This paper seeks to clarify the mechanisms of such enhancement by considering the stochastic processes responsible for it. It is pointed out that uninterrupted, periodic rotation does not contribute to net diffusion, which arises primarily through random processes. Therefore existing theoretical estimates of the effect, showing the diffusion coefficient as proportional to the shear rate and the square of the erythrocyte diameter (KELLER, cited above, PETSCHEK et al., AIAA Paper 70-143,1970 and CHEN, 24th ACEMB, p. 126, 1971) represent only upper bounds of the diffusion coefficients. More realistic estimates must consider the mechanism which interrupts the periodic orbit motion of the diffusing species around the red cell. A lower bound can be obtained by assuming that Brownian motion is the only mechanism for interrupting the periodicity. This yields a diffusion coetncient which is proportional to the square root of the shear rate. Other randomizing mechanisms include the relative drift in shear field, the collision of red cells, etc. The results yield diffusion coefIicients for platelets in the range of 10-6 _10-7 cm 2 /sec, which compares favorably with experimental evidence. Qualitative results on hematocrit dependence suggest that the diffusion coefficient first increases with the hematocrit, but may then decrease at high hematocrits. RETINAL fluorescein angiography was performed in 17 normals (9 males, 8 females), in 10 offspring of t\\ 0 diabetic parents (7 males, 3 females) and in 7 patients (5 males, 2 females) with cystic fibrosis, and overt diabetes mellitus of moderate severity (5 requiring insulin) with relatively short duration (32 months mean duration). The transit time of fluorescein was computed in arteries and corresponding veins and the difference in transit time between each pair was employed as the circulation time in seconds (CT).
VARIATIONS OF RETINAL HEMODYNAMICS AS DETECTED BY FLUORESCEIN
Seven olfspring males showed a shorter mean CT when compared to seven age-matched normal males
(1'66 ±: 0·8 vs 2· J 9 ± 0'8, P < 0'001). Furthermore, when comparisons were made between the total groups the offspring also showed a shorter mean CT than normals (1'53 ± 0·74 vs 2·06 ± 0'87, P < 0'001).
Dividing the 7 male offspring into those with normal oral glucose tolerance (3 prediabetics-PD) and those with abnormal oral glucose tolerance tests (4 asymptomatic chemical diabetics-CD) the mean CT of the CD was shorter than the PD (1'46 ± 0-47 vs 1·95 ± 0'8, P < 0'02), and much shorter than the 4 normals of matching age (1'46 :1: 0·47 vs 2·20 ± 0,09, P < 0'001) while no significant difference in mean CT was seen between the 3 PD and the 3 matching normals (1, 95 ± 0·8 vs 2·18 :±: 0'7).
The patients with cystic fibrosis and diabetes mellitus showed a longer mean CT than normals (2'51 ± 1·85 vs 2·06 ± 0'87, P < 0'05).
It is concluded that in non-euglycemic asymptomatic genetic chemical diabetics a significantly shorter circulation time is present than in normals, while in overt diabetics after cystic fibrosis despite the shortness of diabetes, the circulation time was much longer than in normals.
Shunts may be the cause of the shorter CT developed under mild abnormalities of carbohydrate metabolism while severe metabolic abnormalities may lead to capillary occlusions and a lengthening of the CT. fibrinogen solution in varying concentrations from 5 to 40 per cent, RBC at all concentrations decreased T values as compared to that of the control fibrinogen solution. However, when RBC were added in a concentration of 50 per cent to fibrinogen solution, no difference was observed. These measurements show that large concentrations of RBC are required to prevent the formation of polymolecular layers in 0·4 per cent fibrinogen. The viscous resistance of surface layers of platelet rich plasma was found to be approximately 6 times higher at a shear rate of 10-1 sec-1 when compared with platelet free plasma from the same blood withdrawal (using EDT A as anticoagulant without blood dilution). Our findings demonstrate that platelets, in contrast to red blood cells, increase markedly the strength of the polymolecular layer of plasma proteins.
( A FINITE-ELEMENT analysis has been developed for determining analytically both the shearing stress distribution over the endothelial surface in the large arteries, and the velocity profiles as well. Our method does not need to assume that the blood flow is laminar; in fact, the rheologic laws of the fluid may be prescribed. It is shown also that the hydrodynamic and mechanical events which occur along the arterial tree are functions of the axial distance and vary sequentially in time, i.e. we have both an "entrance" problem in the fluid sense and a transient problem.
The method begins by subdividing the tube into finite control volumes or elements of simple geometry. In each of these, the current (n-th time step) local velocity components, pressure, and boundary shear stresses are stored. We then consider in turn (a) the force due to local acceleration in the element, (b) the force components due to convective acceleration, (c) the viscous forces, and (d) the pressure forces. These, plus the continuity condition form a set of basic relationships linking the variables from element to element at the (n + 1)-st time step.
In applications, these relations together with initial and boundary conditions are used directly in a cyclic scheme in the computer. The method is two-dimensional. ;~~~~~~O~'~I~se~c~~~~ 0'15sec
To check the accuracy of the method, the time dependent entry flow problem solved by ATABEK [1] for a circular tube was programmed and close agreement obtained. Figure 1 shows our result for a time dependent entry flow in which the fluid was accelerated uniformly from rest to a value Uo and thcn held constant. We see clearly the time and spatial dependence of the variables.
Results were also obtained for a simulated flow in the ascending aorta using a triangular pulse shape for the cardiac cycle. Wall flexibility effects can also be included in the analysis once a relationship connecting the instantaneous pressure to the radius of the vessel can be established, based on the material properties of the vessel. The calculations made by this analysis are short and efficient in the use of computer time. VISCOSITY of blood and/or of blood subphases, and viscosity of artificial clots and thrombi, are increased in patients suffering from coronary occlusion, hypertension, peripheral arterial disease, renal failure, lung cancer, intestinal carcinoma, leukaemia, etc. Rheological parameters were determined by means of rotational (cone-in-cone, coaxial rhombospheroid, and hollow cone) viscometers and by capiIIary and slit glass viscometers; and by means of oscillatory high-amplitude (VFTV) visco meters. A viscosity elevation of any particular blood subphase is related to a specific type of disease. Such particular subphases might be, i.e. concentration or aggregation of red cells or platelets; or increased plasma viscosity; or increased internal viscosity and decreased deformability of the red cells. Some of these effects are amplified by the "inversion phenomenon" in which resistance to flow increases suddenly at certain critical vessel radius, depending on cell rheology. An attempt is made to prepare diagnostic-analytical charts utilizing rheological parameters for a range of diseases. An application of rheological parameters to diagnosis and study of cardiovascular and malignant diseases relies on two minor and four major tests. The two minor and straightforward tests are the viscosity of plasma and concentration of red cells (haematocrit). The major tests include: (a) evaluation of the internal viscosity of the red cell, and consequent characteristics such as deformation, packing and filtering; (b) estimation of aggregation of red cells; (c) determination of properties of artificial red thrombi of morphology analogous to in vivo thrombi in lower arterial shear range; (d) determination of properties of artificial white thrombi of morphology analogous to in vivo thrombi in higher arterial shear range. (a) The equation for internal viscosity of the red cell, containing a term for Taylor's factor, was proposed in 1968 (DINTENFASS, 1968) , although the concepts of internal viscosity of the red cells were covered earlier (DINTENFASS, 1962 (DINTENFASS, , 1964 (DINTENFASS, -1966 . Determination can be carried out by testing viscosity of packed red cells at optimum haematocrits between 80 and 90 per cent. (b) While the low shear rate viscosity of blood is due mainly to the aggregation of red cells, the possible non-Newtonian flow of plasma or pseudoplastic characteristics of the interior of the red cells or white cells might playa pronounced role. Therefore, the simple method of estimation of aggregation of red cells is by sedimentation at constant haematocrit, viscosity of plasma being compensated for. Ideal temperature is 37"C. Westergren tubes are placed in stands in a temperature-controlled bath (no vibration is permissible). (c) Determination of apparent viscosity of artificial red thrombi, their rates of formation, and clotting time, are carried out in variable-frequency thrombo-viscometer (VFTV) as described (DINTENFASS, 1966 (DINTENFASS, , 1967 DINTENFASS and ROZEN BERG, 1965, 1967; ROZENBERG and DINTENFASS, 1965, 1966; DINTENFASS and SHARP. 1969; DINTENFASS and STEWART, 1968, 1971; DINTENFASS and BAUER, 1970) .
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The key references are as follows: DINTENFASS, L. Angiology 13, 333, 1962; Circulation Res. 14, 1, 1964; J. Lab. Clin. Med. 64, 594, 1964; Exp. Mole. Path. 4, 597, 1965; Circulation Res. 18,349,1966; Archs Int. Med. 118,427, 1966; Nature, Lond. 215, 1099 , 1967 Haematologia 1, 387, 1967; Nature, Lond. 219,956, 1968; Am. Heart J. 77, 139, 1969; Malec. Crystal--Liquid Crystals 8, 101, 1969 Haemorrhagica 20, 267, 1968; and 26, 29, 1971; D!NTENfASS, L. and SHARP, A. Annals Surg. 170,984, 1969; DINTENFASS, L. and BAUER, G. E. Cardiovascular Res. 4, 50, 1970; ROZENBERG M. and DINTENFASS, L. Haemorrhagica 14, 202, 1965; Nature, Land. 211, 525, 1966. This study is being supported by the National ARVIN is a fraction of the venom of the Malayan pit viper. Given intravenously in man, it induces a defibrinogenation followed by a reduction in the fibrinogen concentration in blood. A decrease of the fibrinogen concentration in blood, for instance by streptokinase, is known to reduce blood and plasma viscosity and erythrocyte aggregation. Since similar effects could be expected during Arvin therapy, the viscosity of blood and plasma, the erythrocyte aggregation and the flexibility of red cells were investigated before and after Arvin injection in patients suffering from peripheral arterial atherosclerosis and ischemia. Twenty-four hours after starting Arvin therapy, the plasma fibrinogen concentration was nearly unmeasurable. Simultaneously, the viscosity of blood and plasma was decreased and the aggregation of erythrocytes was reduced. Studies with a new 8-IL filter test system showed no changes in the flexibility of the erythrocytes. Microscopically, the shape of the single cells was unchanged.
Thus, the application of Arvin in patients leads to a decrease in blood viscosity at high and low shear rates and to a reduced erythrocyte aggregation. The red cell membrane is not injured by the venom. The improvement of the flow properties of blood can be maintained over some weeks by daily injections of Arvin. By improving the flow properties of blood, the blood flow will be increased. This flow improvement is not due to a hemodilution; the hematocrit remains unchanged. Improvement of the flow properties of blood seems to be a new concept in the treatment of peripheral ischemic diseases.
DIURNAL RHYTHM OF HUMAN BLOOD VISCOSITY
A. M. EHRLY and G. lUNG Department of Internal Medicine, University of Frankfurt a.M., Germany THE VISCOSITY of blood is influenced by a number of parameters, such as the hematocrit, fibrinogen concentration, erythrocyte aggregation, red cell flexibility and temperature. Little is known about diurnal variations of blood viscosity.
The experiments were started always in the morning. Young, healthy volunteers were kept in a sitting position for cubital venipuncture. Collection of blood samples started 30 min thereafter and was repeated at 3 hr intervals throughout the day and night. The blood was anticoagulated with heparin. All volunteers were allowed to eat and drink ad lib. and to follow their work routine. The following parameters were measured: hematocrit, hemoglobin, protein concentration of plasma, viscosity of blood and plasma using an Ostwald-and a Wells-Brookfield viscometer.
In all individuals, blood viscosity exhibited a typical pattern over the 24-hr range. Thus, it increased in the morning and reached a maximum peak around noon. Lower viscosity values could be measured in the afternoon. A second peak was observed between 8 and 11 p.m. Thereafter, the viscosity decreased continuously to an absolute minimum at 3 a.m. The other parameters measured, namely hematocrit, hemoglobin, plasma protein concentration and plasma viscosity followed exactly the changing blood viscosity values.
It can be stated from these experiments, that the viscosity of blood in the same individuum is not constant, but rather is fluctuating spontaneously throughout the 24-hr course. The obtained curves seem to show some similarity to well known circadian rhythms. The diurnal viscosity variations can be related to variations in hemoconcentration.
VISCOELASTIC PROPERTIES OF MUCUS N. ELIEZER
Polymer Department, Weizmann Institute of Science, Rehovot, Israel IN OUR investigation of the role of mucus in the clearance of respiratory epithelia by the mucociliary system, we have developed a biological model to test the functionality of mucus. This model utilizes palates of frogs, and it has been found that oestrous bovine cervical mucus (HCM) can substitute for the frog's own mucus in maintaining proper clearance. HCM has thus been chosen as a model for epithelial mucus. A study of the viscoelastic behaviour of individual BCM samples has been undertaken, with the aim of characterizing normal mucus rheologically. The instrument used was a concentric cylinder visco elastometer, in which a sinusoidal torque is applied to the inner cylinder. The phase angle between the applied torque and the resulting displacement of the cylinder has been recorded as function of frequency around three resonance frequencies corresponding to cycle times of 0·2, 1·5 and 6 sec. Rigidity, viscosity and spectrum of relaxation times have been evaluated under the assumptions of linear viscoelastic behaviour. The variation among samples, the effect of time of storage of the samples and the effects of various manners of treatment of the samples have been studied. The results of these measurements will be presented and discussed with reference to chemical properties of mucus and to some features of the mucocilairy system.
GEOMETRIC PROPERTIES OF INDIVIDUAL RED BLOOD CELL DISCOCYTE-SPHEROCYTE TRANSFORMATIONS E. EVANS and P. F. LEBLOND
Institut de Pathologie Cellulaire. H6p. Bicetre 94-Le Kremlin-Hicetre, France THE RHEOLOGICAL properties of blood are dependent upon the shape and deformability of red blood cells. The red blood cell exhibits a broad spectrum of morphological states when subjected to different physical and chemical environments. The mechanisms responsible for the geometrical changes are subtle; therefore, many different theories have been developed to describe the observed shape of the red cell. The obvious commonality between the theories is the requirement for obtaining accurate geometric information of the red cell in various environments. The required accuracy is one percent or better for the characteristic dimensions. Only scanning electron microscopy can provide direct measurements of the red blood cell to this accuracy; however, for the scanning electron microscope, the red cells must be fixed and dried before observation, which introduces artifacts. In addition, it is not possible to change the environment of a single cell to quantitate the transformation. Recently, another method has been developed for obtaining the three dimensional geometry with the 1 per cent accuracy using the interference microscope in visible light and computer directed quantitative processing [1] .
In this study, we have chosen two particular morphological states, discocyte and spherocyte; the transformation was observed in individual cells. Image holograms (interferograms) were recorded of human red blood cells in two different media. Each cell was exchanged between two chambers by micromanipulation; in one chamber, the cell was a discocyte and in the other, a spherocyte. The procedure was cyclic in order to determine the reversibility. The first chamber contained an isotonic, physiological solution with a small percentage of serum albumin to insure the discocytic form. The second chamber contained different spherocytic factors. These included: hypotonic solution for the osmotic sphere; isotonic saline for the spheroechinocyte. The geometry of each cell was obtained from its image hologram by the digital computer process. The results include surface area, volume and dimensions for each cell. In whole blood, however, deformation of cells results from the combined effects of shear and particle crowding. Hence, a study of droplets in concentrated monodisperse emulsions undergoing tube flow was undertaken since it might yield useful information about erythrocyte flow behavior at normal hematocrits under comparable conditions of flow. Suspensions 14-·37 per cent by volume of 0·1 em radius polyglycol oil drops in silicone oils were observed in 1 cm radius glass tubes at mean linear flow rates from 0·004 to 0·1 cm/sec (Reynolds numbers < 10-2 ).
As previously found in suspensions of rigid spheres, the velocity distributions at a given volume flow rate were blunted at concentrations above 25 per cent with partial plug flow developing in the core of the tube. However, the extent of the plug flow at a given concentration and particle size was smaller in the emulsions and decreased with increasing flow rate, and at a given flow rate, with increasing suspending phase viscosity. When the emulsions were broken up by stirring, the mean drop radius decreased to 0·005 cm and the velocity profiles were parabolic at all flow rates.
The deformed drops migrated away from the tube wall at rates which fluctuated as particles collided with each other, and decreased to zero in the core of the tube. Here, in the particle-crowded suspension, the drop paths were subject to sideways fluctuations and the particles were distorted as they squeezed past each other.
Comparison with data obtained in human ghost cell and red cell suspensions showed that at a given value of the shear deformation parameter, the degree of blunting of the velocity profile was similar in the different systems.
FLOW AND DEFORMATION IN HUMAN BLOOD: ERYTHROCYTES
IN WHOLE blood, the movements of individual erythrocytes are greatly influenced by the presence of large numbers of other corpuscles. Working with tracer human red cells in transparent plasma suspensions of reconstituted biconcave ghost cells, it was shown that particle crowding in tube flow results in: (i) velocity distributions blunted from the parabolic; (ii) particle paths which exhibit erratic radial displacements in directions normal to the flow; and (iii) deformation of the cells to a degree not attributable to shear alone.
This paper describes experiments designed to explore these phenomena in greater detail using 10-70 per cent ghost cell suspensions flowing in tubes of 30-70 I-' radius at mean velocities of 0-01-0-6 cm/sec. As with concentrated emulsions, the degree of blunting of the velocity profiles decreased with increasing flow rate and decreasing concentration. But the parabolic distribution was never completely restored suggesting that both particle interaction forces and, at low concentrations, inward migration from the wall resulting in twophase flow, were significant.
By analogy with Brownian motion diffusion coefficients, dispersion coefficients based on the mean square red cell radial displacements ovcr small time intervals were calculated. At wall shear rates of 20 sec -1, these ranged from 3 X 10-8 to 1·5 X 10-7 cm 2 /sec, depending on radial position and concentration, thus approaching the value for the free diffusion coefficient of molecules such as serum albumin. The effect of particle size on radial dispersion was investigated using 2 I-' latex spheres. At a given cell concentration these exhibited much greater radial movements, even being able to pass through the core of partial plug flow. Detailed studies of the core revealed the existence of small relative cell axial velocities and radial fluctuations, probably due to the transmission of disturbances from the periphery. THE BONE marrow is an important embryonoid tissue dispersed throughout the body in the bone cavities and is responsible for the production of the formed elements in the blood. The inaccessibility and complexity of the marrow tissue have prevented a complete description of both its morphology and its physiological and physical behavior. In recent years, however, the success of cytotoxic agents in inducing long-term remissions in myeloid tumours has stimulated interest in the bone marrow and, in particular, in the effect of chemotherapeutic agents on the physiology of normal marrow as well as on that of the pathologically altered tissue. Animal studies have shown that the marrow microvasculature is quite different from that in other tissues, both in structure and dynamic behavior. In fact, the blood flow dynamics are probably coupled quite closely with the physiological processes which occur (e.g. production of red blood cells) and with the changing structure of the extravascular tissue. A brief review is given of the important morphological elements in the marrow microvasculature and of the general features of the microcirculatory system. The implications of the hemodynamics for the choice of the appropriate hemorheological model are discussed.
A model is proposed that reflects some of the basic characteristics of the blood flow in the marrow and describes the coupling between the pressure drop-flow behavior and the structural properties of the extravascular tissue. Comparison of the model results with experimental data taken in cat and rabbit femurs shows qualitative agreement. Extension of the model to include more details of the morphology using a finite element analysis is described.
RHEO-STIMULATION. A NEW METHOD AND ITS APPLICATION IN THE ASSAY OF CLOTTING PROCESS AND FACTOR XIII H. HARTERT
Saar-Universitat and Stiidt. Krankenhaus, Med. Department, Kaiserslautern, West Germany FLOW of gas or liquid is accompanied by electroviscous effects, which in the case of blood may govern physiological and pathological processes. The reproduction and observation of these effects in vitro is made possible by the employment of a precession movement of the cup in the thrombelastograph, superimposed and the regular cup movement. The result is a very strong effect on blood clotting, revealing a novel type of clot formation, which is different from that occuring in a motionless test tube. It cannot be demonstrated if the cup is only shaken instead of moving it circular and continuously in the procession way. Clotting in the Rheosimulator takes place as an abrupt phenomenon. The correlation between the electroviscous effects on molecular order in flowing blood and the strong facilitation of fibrin formation becomes apparent by the fact, that lack of clotting factor XliI coincides with lack of the abrupt clotting phenomenon. These thixotropic parameters can be used not only to represent the rheological property of the blood of each donor, but also to serve as the characteristics quantitatively of the blood from different donors. The parameters in the rheological equation include the equilibrium value of a molecular arrangement parameter of non-aggregated erythrocytes, the rate constant of dissociation of the aggregated form of erythrocytes under a shear stress, the order of the dissociation reaction, the yield stress and a coefficient which relates the shear stress and the molecular arrangement parameter. , L'etude de la ·viscosite en fonction de la concentration permet de distinguer des domaines conti gus dans lesquels Ie logarithme de la viscosite varie lincairement avec la concentration.
Pour interpreter l'ensemble des resultats on propose lin modele de structure des solutions conccntrees de dextrane dans lequel on fait jouer un role important it I'organisation des molecules d'eau entourant les residus D-glucopyranose successifs de la macromolecule ainsi qu'aux liaisons entre ces molecules.
A partir de ce modele, on tente de rendre compte de la variation de la viscosite apparente des solutions concentrees de dextrane en fanction de la vitesse de cisaillement et de la concentration. AN ESTIMATE of red cell membrane strain is derived based on a liquid drop model of blood rheology. In steady rectilinear shear flow the strain is tensile and compressive in alternate quadrants, and the maximum value of strain is a function of shear rate and rheological properties of the red cell and suspending fluid. The wall shear stress is related to maximum membrane strain, and predictions of theory are compared to experimental results on hemolysis of Champion, North, Coakley and Williams. It appears membrane strain energy at hemolysis is a function of the ratio of cell to suspending fluid viscosity, so long as membrane properties are unaltered by the nature of the suspending fluid. This is seen to be in agreement with G. IT HAS been shown repeatedly that the formation of platelet plugs in vivo requires a minimum of flow [1] . The influence of the flow regime on the coagulation time, the morphology and consistency of the blood coagulum have been studied extensively by DINTENFASS [2] . Direct microscopic observation showed that the acceleration of coagulation in whole blood at high shear rates was accompanied by shear dependent platelet aggregation [3] . A more detailed study of the role of platelets in the coagulation process of PRP was executed in cone plate chamber (0'7-700 sec -') made of siliconized plexiglass. Platelet aggregation (by photometry) and the onset of plasma coagulation (by strain gauge) were monitored independently. Experiments were performed in steady state and oscillatory visco metric flow and with continuously changing (increasing and decreasing) shear rate. The chamber could be thermostated between 2 and 3rc. Fresh unanticoagulated PRP was obtained from chilled human blood, centrifuged at 500 g, and transferred to the pre-chilled apparatus.
The experiment itself was started by switching temperature to 3rc. (1) The coagulation time in PRP was inversely proportional to the shear rate; the highest coagulation times occurring in stasis. (2) At high shear, the aggregation of platelets consistently preceded the fibrin formation, while at low shear, the two phenomena occurred simultaneollsly. (3) Coagular produced under high shear consisted of irregular clumps of plateletleucocyte aggregates, surrounded by coarse fibrin-strands (white coagula) low shear clots consisted of fibrin-strands with single platelets or small platelet aggregates distributed regularly throughout. These results indicate that, (a) the flow regime simulating arterial thrombosis (high shear rates) is dominated by completely different series of coagulation processes compared to those at simulated venous thrombosis (low shear rates), (b) the platelets are activated by shear alone without the addition of extraneolls reagents, (c) shear induced platelet aggregation-by some, as yet unidentified, process-activates the fibrin formation. BASED on our work on peristalsis [1] in the upper urinary tract, we are presently studying some biorheological aspects of the motility of the large intestine (colon). The large intestine is capable of a variety of movements described and classified in the medical literature [2] . In order to carry out an analysis for the intraluminal pressure and velocity fields associated with such movements, the rheological properties of the colonic contents (chyme) were needed. A survey of the literature revealed that no such information was available.
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An experiment involving viscometric measurements on the human feces was designed. The measurements were performed on a suitably built tube viscometer. Preliminary results indicate that the human feces behave rheologically as a power law fluid, namely T = k (du/dy)". For the average rates of strain prevailing in the human colon (as calculated from an order of magnitude analysis), the exponent n was found to remain essentially constant and approximately equal to 0·25 although the consistency parameter k varied widely with different samples.
Assuming that chyme follows the same constitutive relation as do feces, the mathematical analysis is carried out for general k and n for two different kinds of colonic movement; (a) peristalsis, and (b) segmental radial and longitudinal contraction and dilatation. The theoretical results provide us with a correlation between the kinematics of the boundary of the colon, its geometry, the rheological properties of chyme and the intraluminal pressure.
THE APPARENT viscosity of native human blood, i.e. whole blood, not treated with anticoagulants, and secured from healthy human subjects, has been determined at room temperature and at pressures of 17·7 X 10 3 ,194 X 10 3 ,371 X 10 3 and548 X 10 3 kg/m 2 .Afallingprojectileviscometerwasdesignedandbuilt for this study. The viscometer consisted of three approximately right circular cylindrical chambers, subject to distinct pressures, placed vertically, and three inserted projectiles. The unavoidable venturi shape of the projectiles necessitated a number of tests with each standard fluid used for calibration and required careful screening of photographs to eliminate instrument artefacts due to misalignment of the projectiles during fall. The projectiles were clamped and released by a set of bar magnets. Calibration was accomplished by filling the chambers with standard fluids, the known viscosities of which were slightly above and below the expected apparent viscosity of whole human blood. The projectile motion was photographed with stroboscope light and a curve of viscosity vs velocity for each chamber was plotted. All three chambers were photographed simultaneously. Apparent viscosity determinations were made by subjecting three portions of a single blood sample, drawn by venipuncture, to the indicated pressures in each of the chambers of the instrument. The apparent viscosity, which had an average of 8 cP, showed no correlation with hydrostatic pressures of 548 x 10 3 kg/m2. No discernible effect of hydrostatic pressure was found on the viscosity of whole human blood extra vivum.
( The post-stenotic dilatation has been considered to be produced by purely dynamical origin, for example, E. Holman succeeded in producing it on a rubber tubing by using an artificial circulatory system with a pump (J. Thrac. Surg. 28, 109, 1954) . However, the relation between the flow pattern produced by the stenosis and the stress distribution over the vessel wall is not still obvious, so that we cannot say about quantitative nature of the stenotic effect. Our main concern is to clarify this point in terms of the fluid-dynamical languages. In order to visualize the stenotic effect clearly, we make a transparent conduit with rectangular cross section and fit in a barrier of several types to intercept the liquid flow. Then, we allow starch to be settled down evenly on the wall in the conduit filled with the liquid. Thus, we can observe how the surface of starch is eroded by the liquid streaming out of the stenotic region, which makes possible to predict the stress distribution approximately. Second, by drawing a model of stenosis together with a camera in the liquid at rest, the flow pattern behind the stenosis is observed, providing reasonable interpretation of the conduit experiment. THE CONTINUING interest in blood rheology is, we feel, a direct result of increasing interest in quantitatively understanding the behavior of blood as it flows through the living circulatory system as well as through engineering devices. The majority of existing literature reports in this area involve ex vivum hemorheology and thus the attendant questions regarding shed blood artifacts. In order to obtain quantitative rheological measurements on normal or intentionally modified native dog blood, an in vivo viscometer utilizing outflow techniques has becn employed. The basic measurement assembly consists of a 200 I-' capillary tube branching at right angles to a chronic, externalized carotid artery-jugular vein shunt; flow rate through this capillary is controlled by a variable speed syringe pump. Experimental programs and results to be reported include: (1) Effect of anticoagulants. Acute heparinization has no effect on the rheological properties of dog blood; (2) Influence of hernatocrit variations. Over the range of hematocrits studied (20--50 per cent), dog blood can be described as a pseudoplastic, non-Newtonian suspension, with apparent viscosity decreasing as either shear rate increases or hematocrit decreases; (3) Effect of acute jibrination. The plasma concentration of fibrinogen, per se, does not alter the rheology of dog blood; plasma viscosity alterations are of significant importance; (4) Hemodilution with low molecular weight dextran (LMWD) . When comparisons are made at equal hematocrits, our results indicate an increased apparent viscosity of blood when using LMWD vis-a-vis saline; generally lower values of apparent relative viscosity were obtained for LMWD.
IN VIVO
( BLOOD flow through negatively charged capillary tubing (about 700 JL dia.) showed significant decreases in pressure loss as compared with positive or neutral tubing.
The flow in neutral and cationic tubing behaved as would be expected from viscosity measurements taken in a cone and plate viscometer. In negatively charged tubing the apparent viscosity was 15 per cent less for hematocrits of 45 and 27 per cent less for hematocrits of 60. However, for hematocrits of 30 or less the cell suspension in the negatively charged tube has the same apparent viscosity as it did in neutral and positive tubing and in the cone and plate viscometer.
The negatively charged tubing repels cells from the wall causing a greater marginal layer than in similar positive or neutral tubing, resulting in a lowering of apparent viscosity. However at low hematocrits, the cell migration from the wall is sufficiently great in all these tubes that the effect of wall charge on the cells was negligible.
It is generally considered that vessel walls have a negative charge. Hence to relate "ex vivo" flow studies with "in vivo" systems, consideration must be given to this parameter.
THE INFLUENCE OF FLOW RATE AND HAEMATOCRIT ON THE LOCATION OF THE ZONE OF MAXIMUM CELL CONCENTRATION IN BLOOD FLOWING DOWN A CAPILLARY SLIT

A. A. PALMER and W. H. BETTS
Kanematsu Memorial Institute, Sydney, Australia WHEN blood of low cell concentration (haematocrit) was made to flow down a capillary slit, a region of maximum cell concentration developed in a zone between the wall and the axial plane; this phenomenon is analogous to the tubular pinch effect which has been observed by GOLDSMITH [1] in capillary tubes of circular cross-section. At lower flow rates or with suspensions of higher haematocrit the maximum cell concentration was found at the axial plane. Method. Fresh citrated human blood, adjusted to the required haematocrit by centrifugation and removal of red cells, was made to flow vertically down a capillary slit of short axis 25 JL and length 1 cm, ending in 5 slitlike branches. The volume and haematocrit of the fluid issuing from each branch were measured. These data gave the cell concentration in each of 5 zones across the short axis of the slit. The shear rate at the wall and the width and positions of the zones were calculated on the assumption that the velocity profile across the short axis of the slit was parabolic, since the suspensions were dilute.
Results. With suspensions ranging from 0·7 to 10 per cent haematocrit, at wall shear rates exceeding 60001 sec the zone of maximum cell concentration, was displaced from the axial plane by about 0·25r (where r is the short semi-axis). With suspensions of 14 per cent haematocrit, or greater, the zone of maximum cell concentration was located at the axial plane at all rates up to the highest tested, 17,600/sec. The upper pair of histograms show that with a suspension of 0·6 per cent haematocrit, as the wall shear rate was increased from 1280 to 16,600 the zone of maximum cell concentration moved away from the axis. The lower histograms illustrate the lack of effect of a comparable change of shear rate with a suspension of 14 per cent haematocrit. Proc. 30, 1578 Proc. 30, , 1971 . HIRNGEWEBE von Menschen, wie soIches von Ratten, zeigt ein ausgepragtes thixotropes Verhalten. Die Viskositiitszunahme eines frisch bereiteten Hirnhomogenates ist beim Menschen, wie bei der Ratte altersabhangig. Sie steigt mit dem Lebensalter an und erreicht beim Menschen bei 20-30 Jahren, bei der Ratte mit etwa 12 Monaten ihr Maximum. Die Ausgangsviskositiit eines frisch hergestellten Hirnhomogenates ist vom Lebensalter weitgehend unabhiingig und steigt beim Menschen erst ab 60 Jahre steil an. An Katzen konnte gezeigt werden, daB eine commotio cerebri das Hirngewebe so verandert, daB die Viskositatszunahme eines nach dem Trauma hergestellten Homogenates deutlich verzogert ist. Es ist zu vermuten, daB bei der Commotio cerebri eine Auflockerung der protoplasmatischen Strukturen eintritt, wodurch eine Reorganisation der Gel-Strukturen verzogert wird. Die Frage, warum im fortgeschrittenen Alter das kolloidale Verhalten von Hirnhomogenaten sich wesentlich von dem unterscheidet, was man bei Hirnhomogenaten von Jugendlichen findet, ist nicht leicht zu beantworten. Da die Stoffwechselaktivitat des menschlichen Gehirns im hoheren Lebensalter deutlich absinkt, wurde geprilft, obeine Herabsetzungdercerebralen Stoffwechselaktivitiit das kolloidale Verhalten von Hirnhomogenaten beeinfluBt. An Ratten, die fUr wenige Minuten einem Sauerstoffmangel ausgesetzt waren konnte gezeigt werden, daB die Viskositatszunahme im Hirnhomogenat deutlich gesteigert war. Wurden aber die Ratten fUr mehrere Stunden einem Sauerstoffmangel ausgesetzt, so war nicht nur die Ausgangsviskositat der Hirnhomogenate deutlich erhOht, sondern gleichzeitig war auch die Viskositatszunahme deutlich vermindert. Die Hirnhomogenate die ser durch Sauerstoffmangel geschadigten Ratten verhielten sich analog wie solehe von alten Menschen. Die Befunde lassen vermuten, daB beim Hirngewebe zwischen kolloida1em Verhalten und Stoffwechselaktivitiit ein Zusammenhang besteht.
CORRELATIONS BETWEEN MICRO-AND MACRO-CIRCULATORY CHANGES DURING TREATMENT OF PERIPHERAL VASCULAR DISEASES WITH XANTHYL NICOTINATE H. S. Rozov and ELI DAVIS
Microcirculation Research Laboratory, Hadassah University Hospital, Jerusalem EIGHT normals and 55 patients with mainly occlusive peripheral vascular disease were examined and treated during a period of 18 months. Apart from usual clinical tests, comparat-oscillometry, oscillography, electronic dermalthermometry, pulsometry, petechiometry, and ergometric tests were carried out. Blood viscosities at different shear rates, fibrinogen, hematocrit, E.S.R., and cholesterol were evaluated. Slit lamp observation and microphotography of the bulbar conjunctiva of the eye was used to evaluate changes in sludge, stasis, stasis pools, flow velocity, patency of capillary networks, V.A. ratios and ischaemia.
A correlation was found between improvements in flow and microcirculatory parameters on the one hand, and the clinical and ergometric results and macrocirculatory haemodynamic balance. Both sets of parameters were dependent in a majority of cases upon a "threshold" dosage of xanthyl nicotinate of the order of 600 mg/oz three times daily.
There was a correlation between improvement of flow in ischaemic limbs and that in ischaemia of the bulbar conjunctival microcirculation. Observed acceleration in small vessel blood flow and reduction in arteriolar and capillary erythrocyte aggregation were accompanied by the appearance of previously-unobserved capillary networks in formerly ischaemic areas. Erythrocyte flow in capillaries previously inaccessible may be due to changes in their elasticity and deform ability, and to reduction in whole blood viscosity. Xanthyl nicotinate is reported to increase A.T.P. levels in erythrocytes, and thus to restore their deformability; this and increase in flow velocity may explain some effects seen. WITH a few exceptions [1] , most workers in blood rheology have tacitly assumed that blood behaves like other suspensions of rigid particles. The deformability of the red cells was only recently shown to be the main factor in the shear thinning behavior of the blood, a behavior hitherto ascribed to hydrodynamic desaggregation or phase separation. Evidence suggesting a fluid drop like transition of human erythrocytes under shear was presented:
(1) ellipsoid deformation and orientation of cells in flow, major axis parallel to flow direction [2, 4] ; (2) tank tread like rotation of red cell membrane around the cell content [2, 4] and migration of red cells along shear stress gradients; (3) relative apparent blood viscosity inversely related to plasma viscosity [2 and many other authors]; (4) fluidity of packed cells [1, 2 and others] .
To further elucidate this concept, human, bovine and amphibian red cells were studied by viscometry (Wells-Brookfield, Weissenberg Rheogoniometer) as well as in a transparent cone and plate (chamber plate in counterrotation to cone) microscopically in flow (625 x magnification in indicent, dark field and phase contrast illumination). Bovine blood does not form aggregates (even at the lowest y) nor does it follow Casson's equation at low shear rates. Shear thinning viscosity in bovine blood is based exclusively on fluid drop like transition with increasing shear, relative apparent viscosity being inversely related to plasma viscosity. Nucleated ellipsoid amphibia cells show orientation at low rates of shear, which does not, however, increase with shear. Relative apparent viscosity is higher than in mammals, falls less with shear and is not a function of plasma viscosity. In human red cells, the fluid drop like transition requires much smaller shear stresses (0·1-0·5 dyn/cm 2 ) than hydrodynamic desaggregation (2-20 dyn/cm 2 ). Cell deformation into irregular prolate ellipsoids can be demonstrated in blood of normal hematocrit. In artificial media (viscous dextran solutions) the cells are transformed into regular prolate ellipsoids (no dimples). The direct microcinematographic proof of membrane rotation obviates speculations about the liquid crystalline nature of the membrane or the intracellular hemoglobin solution [1] . RECENT research has indicated that the mechanical factors associated with the blood flow in the arteries and the resulting distensibility produced by the blood pressure have considerable influence on the nature of heart disease in human beings. Due to the pulsatile character of blood flow, the internal pressure on the arterial wall is also pulsatile with a fluctuating component of pressure superimposed on a mean component of pressure. Depending upon the local blood pressure, arteries undergo various amounts of distensibility which brings about large local deformation. It has been established that this large deformation behavior leads to a nonlinear relationship between the stress and strain tensor of the arterial wall. In addition, the pulsatile nature of the blood pressure leads to a viscoelastic response in the arterial wall.
This paper is concerned with the experimental investigation for the rheological behavior of conduit arteries in vitro. The large deformation behavior of the steer aorta was studied by subjecting rectangular specimens to various combinations of biaxial states of stress and measuring the stretch ratios using the rectangular grids printed on the surface of the specimens. A nontoxic dye, Nile blue A, was used to print grids on the specimens. From the experimental data strain energy density function, representing the energy stored per unit volume of the undeformed material was determined for various parts of the thoracic aorta. Results indicate that the thoracic aorta displays non-isotropic mechanical behavior and the stiffness of the aorta progressively increases from the upper thoracic aorta to the lower thoracic aorta.
The paper describes, in addition, the experimental study for the dynamic viscoelastic behavior of the arteries under sinusoidal uniaxial stresses at various frequencies ranging from 2 to 20 cis. Storage and loss modulus values for the above frequency range were evaluated for various magnitudes of mean strains that occur under physiological range of mean blood pressure. The dynamic properties were determined using a specially developed apparatus that is also described in this paper. Fr. Hemal. 7, 195, 1967) was developed. The filtered volumes of a Newtonian fluid depending exponentially upon time, a plot of log per cent non-filtered volumes vs. time, termed "filtration curve" (FC) is a straight line. The Hagen-Poiseuille law was applied to the flow through one individual "equivalent" narrow tube (ENT) in the filter, whereby the non-stationary terms (t1P and Q) were substituted with exponential expressions specifying their dependence upon time. Utilizin~ the parameter "half-time of filtration" (n), the Hagen-·Poiseuille equation cancelled out to
where the term in brackets is a constant. Validation of the FT as a polymicroviscometer was made with aqueous polyvinylpyroUidone solutions of known viscosities (Ostwald). The shear stresses in each ENT being transient, a FC allows defining the sample rheology, any departure from linearity indicating nonNewtonian character. A simple means to estimate it is suggested in terms of the ratio of nand Ti.
A number of over 400 samples of normal and pathological RBC was studied, yielding following patterns of FC: (1) non-linear shear-thinning, for normal RBC; (2) non-linear shear-thinning with arrest of filtration (resulting from "rheological obstruction" of the ENT); (3) bimodal; (4) linear; and (5) non-linear shearthickening. Patterns 2-5 were found in various HA.
Clinical studies were made in 250 patients. RBC from typical constitutional HA were Newtonian and the increased bulk viscosity of their concentrated suspensions (Hcrt > 95 %) was correlated (r > 0'98) with a shortened life span and increased splenic sequestration (chromium-51 determinations). for the abnormal non-Newtonian RBC, the proposition is made to utilize n as an "equivalent average viscosity" (EA V) for the set predetermined conditions of the FT. The EA V is compounding both the "apparent" viscosities and the extent of the departure from Newtonian behaviour. Albeit with a lesser accuracy, the EAV is useful on a routine basis for the indirect clinical estimation of RBC survival (r ~ 0'8) and rheological factors of splenic sequestration.
A. Non-stationary terms substituted in the Hagen··Poiseuilie equation:
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B. Typical Filtration Curves (FC)
Time, sec MEASUREMENTS show that human blood possesses viscoelastic properties which are significant in the time scale of the normal pulsation rate. These properties are dependent upon both the frequency and amplitude of shear rate in oscillatory flow. The character of the amplitude dependence indicates that blood has a structure which becomes disrupted at high shear rates. These effects are revealed from studies of oscillatory flow in rigid circular tubes. Using the theory for flow of a viscoelastic fluid (THURSTON, G. B. J. Acoustical Soc. Am. 32,210, 1960; ibid. 33, 109, 1961 ) measured values of the pressure gradient and volume velocity are used to determine mean shearing stress and velocity gradient in the tube. The stress is resolved into a viscous component T' which is in phase with the velocity gradient G and an elastic component T" which is 90° out of phase. While both components are significant with whole blood, the blood plasma alone exhibits only a significant viscous component. At small velocity gradients, both T' and T" are directly proportional to G. At higher gradients this linear relationship is lost. For blood of 50 per cent hematocrit this change of character occurs near G = 1 sec-1 at a frequency of 1 Hz. At high gradients, G > 60 sec-t, T' again approximates a linear dependence upon G while T" tends to become limited and hence insensitive to G. At low gradients where linear conditions exist, the ratio of shear stress to velocity gradient gives the complex coefIicient of viscosity of the blood, "1*. DEFORMABILITY of red cells is a major cause of the decrease in blood viscosity at high shear rates. In an attempt to investigate the influences of the internal viscosity ("Ii) and external viscosity ("10) on red cell deformation, hemoglobin-poor red cell membrane ghosts were prepared by gradual osmotic hemolysis from the blood of healthy human donors. The red cell ghosts were suspended in media with different external viscosities at various cell concentrations, and the viscosity was measured with a coaxial cylinder viscometer at 37"C. At high shear rates, the relative apparent viscosity of ghost suspensions ("I,) at a constant "Ii decreased with increasing "10. At low shear rates, however, "I, of ghost suspensions was essentially constant when "10, was varied. Comparison of the data of red cell ghosts and normal red cells was complicated by the fact that the tensile property of the cell membrane had been altered during ghost preparation. Our results support the concept that shear deformation of red cells is a function of the viscosity ratio between the external medium and the intracellular hemoglobin fluid ( RED CELL aggregation has conventionally been attributed exclusively to the action of certain plasma proteins (e.g. fibrinogen, a2-macroglobulin). It can also be produced experimentally by gelatine, poly-vinyl-pyrolydin and high molecular weight dextran (> 60,000) while low molecular weight dextran has no such effect. All factors changing the normal shape and deformability of red cells abolish or hinder the aggregate formation, a mechanism explaining desaggregating effects of chemical agents.
A factor hitherto not appreciated is the salinity of the medium. Dialysing plasma against isotonic mannitol solutions reduces the salinity [as measured by the specific conductivity x (msec)] and significantly increases its viscosity. Lowering the salinity of RC suspensions in plasma or serum produces first decreasing aggregate formation until at a conductivity below 1 ms a sharp increase of RC aggregate and clump formation takes place. RC in isotonic solutions of albumin or dextran 40 at normal salinity (5 ms at 45 per cent Hct) do not show any aggregation. However, below 1 ms too, shear resistant aggregates are formed depending on the colloid concentration. Bovine blood, incapable of aggregate formation in normal plasma, also does form aggregates when the salinity is reduced below 0·5 ms. Here, however, the aggregation is weaker than in human blood under identical conditions.
Irrespective of possible changes in the cell surface charge, this clearly shows that red cell aggregation can greatly be enhanced despite unchanged plasma protein composition. This effect is likely to be due to physicochemical alterations due to molecular association of colloids with decreasing ionic strength. The resulting molecular aggregates have enhanced adhesive action. Our results lead to the hypothesis that RCA is not caused by a specific binding process of distinct proteins (agglomerins, 1) but is rather the consequence of a non-specific interaction between any adhesive plasma proteins of minimum molecular weight and the cell surface. REFERENCE RUHENSTROHT-BAUER, G. Klin-Wschr. 44, 531, 1966 .
HYDRODYNAMIC DISRUPTION OF HUMAN ERYTHROCYTES
A. R. WILLIAMS Department of Anatomy, University of Manchester, Manchester M13 9PL COAGULANT-FREE fresh adult human blood was diluted 200-fold with isotonic or hypotonic buffered saline pH 7·4 containing glucose (0-60 mM) and 10 % wlv Dextran 500 which increased the viscosity of the suspension to about 20 cis. Dextran is a non-penetrating thickener which has been added so that the cells can be subjected to large hydrodynamic shear stresses at reasonably low velocity gradients (10 3 _10 4 sec-I). Aliquots of this suspension were subjected to known hydrodynamic shear stresses at various temperatures between the rotating cone and stationary plate of a Ferranti-Shirley viscometer. Erythrocytes sphered in hypotonic saline burst when stretched beyond their elastic (or viscoelastic) limit, whereas bi-concave cells in isotonic medium fragment to produce a characteristic distribution of haemoglobin-filled microspheres. The viscoelastic properties of the erythrocyte membrane result in both stress and time thresholds, and in a family of curves relating haemoglobin release and/or microsphere production with both the magnitude and duration of the applied shear stress. 
